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Calfacilitin is a calcium channel modulator essential
for initiation of neural plate development
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Calcium ﬂuxes have been implicated in the speciﬁcation of the vertebrate embryonic nervous
system for some time, but how these ﬂuxes are regulated and how they relate to the rest of
the neural induction cascade is unknown. Here we describe Calfacilitin, a transmembrane
calcium channel facilitator that increases calcium ﬂux by generating a larger window current
and slowing inactivation of the L-type CaV1.2 channel. Calfacilitin binds to this channel and is
co-expressed with it in the embryo. Regulation of intracellular calcium by Calfacilitin is
required for expression of the neural plate speciﬁers Geminin and Sox2 and for neural plate
formation. Loss-of-function of Calfacilitin can be rescued by ionomycin, which increases
intracellular calcium. Our results elucidate the role of calcium ﬂuxes in early neural devel-
opment and uncover a new factor in the modulation of calcium signalling.
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A
graft of a special region of the embryo, known as
Spemann’s organizer1–3 (Hensen’s node in amniotes4–9)
can trigger the entire process of neural induction in all
vertebrate classes, generating a fully patterned central nervous
system. For a long time it was thought that a single signal,
emitted from the organizer, might account for its neural inducing
activity. Consistent with this, a large body of research, mainly in
amphibian embryos, suggested that BMP inhibition is a sufﬁcient
signal to trigger the entire process of neural induction1,10–14.
However, development of the neural plate takes a relatively
long time; for example, in the chick embryo expression of the
earliest deﬁnitive neural plate marker, Sox2, requires about 12 h
exposure of competent ectoderm to neural inducing signals from
a grafted organizer and a morphologically recognizable neural
plate only appears several hours later15–18. Also, experiments in a
variety of systems have suggested that signals other than BMP
inhibition are required for neural induction, including ﬁbroblast
growth factor (FGF)19–24, Wnt inhibition25,26 and calcium/
protein kinase-C signalling27–37. However, how these signals are
integrated, from which tissues they emanate and in which order,
is not yet understood. FGF signalling is partly integrated with
BMP signalling through MAP kinase-dependent phosphorylation
of the linker region of the BMP effector Smad138, but FGF
inhibition experiments19,20 suggest that FGF signals are also
required independently of BMP inhibition.
Timed organizer transplantation and removal experiments
suggested that a minimum of 5 h signalling from a grafted
Hensen’s node is required for the responding epiblast to become
sensitive to BMP inhibition39–42. To uncover the events that
occur during these initial 5 h of neural induction (upstream of
BMP inhibition), we conducted a differential screen between
chick epiblast cells that had or had not been exposed for 5 h to
neural inducing signals from a graft of the organizer, Hensen’s
node21,43–45. Twelve differentially expressed genes were
identiﬁed, encoding proteins involved in transcriptional
regulation (ERNI17,21, Churchill43, Sox3, Otx246), known and
putative receptors (TrkC and Asterix45), a putative RNA-binding
protein (Obelix45), the retinoid regulator Cyp26A146 and proteins
with pro- and anti-apoptotic functions (Dad1, Fth, HCF44). These
genes are expressed at characteristic times following a graft of the
organizer, suggesting that the organizer induces a hierarchical
succession of states (‘epochs’)45. In addition to the above genes,
one further gene with differential expression, initially designated
C3, was identiﬁed in the screen. It encodes a protein of unknown
function and has not yet been investigated. This is the subject of
the present study.
Here we show that C3 encodes a multi-pass transmembrane
protein, which facilitates calcium signalling through CaV1.2
L-type channels and therefore named it Calfacilitin. We further
show that Calfacilitin is required for neural induction (a
requirement that can be bypassed by forcing calcium entry into
the responding tissue). Calfacilitin is induced by FGF and is
required for induction of Geminin and Sox2, two key effectors of
neural induction. Our ﬁndings uncover a new regulator of
calcium signalling as well as a new link between calcium and
other signals during neural induction.
Results
Isolation of Calfacilitin. In situ hybridization reveals that
expression of C3 mRNA starts weakly in the epiblast before
gastrulation (Fig. 1a), then increases in the future neural plate and
thereafter remains expressed throughout the central nervous
system (Fig. 1b–f); this pattern of expression is almost identical to
the pre-neural marker Sox347,48. As with Sox3, a graft of the
organizer upregulates expression of the novel gene within 3 h in
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Figure 1 | Calfacilitin expression and regulation. (a–f) Expression in the chick embryo at stages XII-10. Expression gradually becomes restricted to
the central nervous system. (g, Top) A graft of Hensen’s node induces Calfacilitin; in section (g, bottom), Calfacilitin induction is seen in the host epiblast.
(h, Top) FGF8 induces Calfacilitin; this is seen more clearly in section (h, bottom), which also reveals expression localized to the host epiblast next
to the FGF8 bead. Scale bar, 300 mm in a; Scale bar, 100mm in b,c,g,h; Scale bar, 120 mm in d,e; Scale bar, 500mm in f, Scale bar, 60 mm in g bottom,
h bottom.
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competent epiblast (18/20 at 3 h, 8/8 at 5 h; Fig. 1g). This is
mimicked by FGF8 (19/26 in 3 h, 13/13 in 5 h; Fig. 1h) but not by
other secreted proteins including BMP antagonists (Chordin,
Noggin), Cerberus, Dkk1 or Crescent (not shown). Its normal
expression and the dynamics of its regulation by organizer signals
and by FGF therefore suggest a possible early role for the C3
product in the cascade of events leading to neural plate formation.
Sequence analysis predicts a protein of 252 aminoacids with
several putative transmembrane regions (Fig. 2a), containing a
TLC (‘TRAM, LAG1, CLN8’) domain, present in many proteins
with important roles including lipid synthesis, transport and
sensing49–52. This appears to be highly conserved across the
vertebrates (Supplementary Fig. S1). To determine the topology
of the protein within the membrane, we performed epitope
a b Out 2
+
4
+
5
+
7
+
c
+
1
N
In
x
3
x
6
c d
–60 –40
–0.2
–0.4 I/Imax I/I
m
a
x
Cav1.2
Cav1.2-Calfacilitin
Cav1.2
Cav1.2-Calfacilitin0.75
1
0.5
0.25
–100
Cav1.2
f
–90 mV
0.4 s
0.4 s
Cav1.2-Calfacilitin
Cav1.2-Calficilitin
Cav1.2-Calfacilitin
Cav1.2
80
*
Cav1.2
60
40
20
0.1 0.3 0.9
Time (s)
g
pcDNA3 Myc1 Myc7 pcDNA3
25 kDa
20 kDa
25 kDa
20 kDa
Input Co-IP
CalFac-
7Myc
Cav1.2-HA Merge
h i
Myc1 Myc7
*In
ac
tiv
at
io
n 
(%
) Cav1.2-Calfacilitin
*
60
40
In
ac
tiv
at
io
n 
(%
)
20
–10 0
mV
10
Cav1.2
e
–60 –20 20
mV
–0.6
–1
20 20 40 60
mV
* *
*
Figure 2 | Calfacilitin electrophysiological properties and interactions with calcium channel CaV1.2 Predicted aminoacid sequence (a) and membrane
topology (predicted transmembrane domains underlined) (b) of Calfacilitin. The number on each of the loops corresponds to the position of a Myc epitope
in constructs (Calfacilitin-myc1-7; see Supplementary Fig. 1) used for epitope mapping experiments. þ : Stains with anti-myc without detergent; x: negative.
(c) Normalized I–V curve for IBa. V0.5 (CaV1.2)¼  12.44±0.5mV (n¼ 5). V0.5 (CaV1.2-Calfacilitin)¼  15.4±0.8mV (n¼ 8). P¼0.0245 (Student’s
t-test). (d) Steady-state inactivation properties. V0.5 (CaV1.2)¼ -39.7±0.8mV (n¼6). V0.5 (CaV1.2-Calfacilitin)¼  36.72±0.6mV (n¼ 5). P¼0.0165
(Student’s t-test). (e) Representative IBa during depolarizations to Vmax and percentage IBa inactivation. (f) Representative ICa and percentage ICa
inactivation during depolarizations to  10, 0 and 10mV at 0.1 s after peak current. *Po0.05 (Student’s t-test). Error bars in panels c–f correspond to the
s.e.m. (g,h) Co-immunoprecipitation experiment demonstrating that Calfacilitin binds to CaV1.2. g shows the input lysate (western blot with anti-myc);
(h) shows the results of precipitation with anti-CaV1.2 and detection with anti-myc. pcDNA3 was included as a control (lane 1) and the experiment
performed with two different myc-tagged versions of Calfacilitin, in positions 1 (lane 2, Myc1) and 7 (lane 3, Myc7) (see b above). (i) Co-localization of
Calfacilitin (here Myc7 construct; green) with CaV1.2 (HA-tagged; red) in HEK293T cells. Scale bar, 15 mm.
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mapping experiments. A myc epitope was introduced into seven
different locations between the predicted transmembrane
domains, each construct introduced into either COS or
HEK293T cells, which were then ﬁxed and stained with
anti-Myc either in the presence of detergent (to detect both
intracellular and extracellular epitopes) or without detergent
(for extracellular epitopes) (Fig. 3). The results suggest a
6-pass transmembrane topology with both the N- and
C-termini outside the cell (Fig. 2b). This topology is
reminiscent of some ion channels, including Ca2þ channels53,
which have been implicated in early neural development in
Xenopus29–31,33,34,36,37,54,55.
Calfacilitin is a facilitator of CaV1.2 channels. These observa-
tions raised the question of whether the C3 protein functions as
an ion channel. We transfected the cDNA into HEK293T cells but
detected no currents in whole-cell patch clamp electro-
physiological recordings. However, when co-transfected with
L-type CaV1.2 calcium channels, I-V relationships were shifted
towards a negative potential (Fig. 2c; Po0.025, Student’s t-test)
and the steady-state inactivation towards a positive potential
(Fig. 2d; Po0.02, Student’s t-test), therefore evoking a larger
window current. Furthermore, C3 slows inactivation in the pre-
sence of either Ba2þ or Ca2þ as the charge carrier (Fig. 2e,f). To
test its speciﬁcity for CaV1.2 channels, we examined its effects on
another major L-type channel, CaV1.3, and found no signiﬁcant
effect (Supplementary Fig. S2). To determine whether these
channels are expressed appropriately in the embryo, we per-
formed in situ hybridization: CaV1.2 mRNA is expressed in the
prospective neural plate with a pattern and dynamics of expres-
sion very similar to those of the novel protein (Fig. 4a–f), whereas
CaV1.3 expression is not detected before neural tube formation
(Fig. 4g–j).
Does the protein interact directly with CaV1.2? To test this
we performed co-immunoprecipitation (IP) experiments in
HEK293T cells. Two tagged versions (with a Myc-tag at
position 1 or 7 in Fig. 2b) can be co-precipitated with CaV1.2
(Fig. 2g,h). Moreover, immunostaining for Myc-tagged-C3 and
CaV1.2 reveals co-localization of both at the cell membrane
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Figure 3 | Experiment to elucidate the membrane topology of Calfacilitin.
(a–d) Examples of results obtained. (a,b) HEK293T cells transfected with
Calfacilitin-myc1 and stained without detergent, seen by phase contrast
(a) and ﬂuorescence (b). Surface staining is seen. (c,d) cells stained with
Calfacilitin-myc6 without detergent seen by phase contrast (c) and ﬂuore-
scence (d)—no signal is apparent. (e) Summary of results of transfections
of COS or HEK293T cells with Calfacilitin tagged with a myc epitope in
different positions (as shown in Fig. 2b). —denotes no signal,  /þ denotes
a very weak signal and þ þ denotes strong staining with anti-myc. The
deduced topology is shown in Fig. 2b. Scale bar (for a–d), 30mm.
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Figure 4 | Expression of the L-type calcium channels CaV1.2 and CaV1.3 in
normal embryos. (a–f) CaV1.2. Expression gradually becomes concentrated
to neural plate precursors. (a) Mid-primitive streak stage (HH3þ ); (b) late
primitive streak stage (HH4þ ); (c) early neurulation (HH6); (d) neural
plate stage (HH7). (e,f) Sections through the levels indicated in
(b,d), showing expression mainly in the epiblast. (g–j) In contrast, no
signiﬁcant expression of the CaV1.3 channel in seen in any embryonic
region at primitive streak (g,h), neurulation (i) or neural tube (j) stages.
Scale bar, 200mm (a,b,g); Scale bar, 120mm (c–f,h); Scale bar, 90mm (i);
Scale bar, 230mm (j).
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(Fig. 2i). Together, these data suggest that although the novel
protein is not itself an ion channel, it enhances calcium inﬂux
into the cell through the L-type calcium-channel CaV1.2, to
which it can bind within the cell membrane and with which
it is co-expressed in the embryo. We therefore named this
protein Calfacilitin.
Neural induction requires Ca2þ signals. As L-type calcium
channels have been implicated in neural induction in Xeno-
pus31,33,34,36,54, we tested whether this is also the case in the chick
by exposing embryos to nicardipine, a selective blocker of L-type
calcium channels, before grafting Hensen’s node from a donor
embryo. No expression of the neural plate marker Sox2 was
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Figure 5 | Calfacilitin is required for neural plate speciﬁcation. (a–d) Nicardipine inhibits neural plate development and neural induction by a grafted node
(arrow) (a,b: DMSO control); (c) this treatment does not affect mesoderm (expression of Brachyury shown). The effect of nicardipine can be rescued
by an ionomycin-soaked bead (d, arrow). (e–l) Gain-of-function: Calfacilitin (e,f,i,j) but not control GFP (g,h,k,l) expands the neural plate, revealed by
the neural plate marker Sox2 (e–h) and the border marker Dlx5 (i–l). (i–t) Loss-of-function: Calfacilitin MOs (m,n,q,r) unlike control MOs (o,p,s,t),
reduce the neural plate, as seen by expression of the neural plate marker Sox2 (m–p) and the border marker Dlx5 (q–t). In situ probe (purple) indicated on
the lower left of each panel. Anti-GFP (brown in f,h,j,l) or anti-ﬂuorescein (for MO; brown in n,p,r,t) reveal electroporated cells. Scale bar, 100mm
(for all panels).
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observed either in the host neural plate (whose development was
also severely impaired; Fig. 5a) or in the epiblast adjacent to the
grafted organizer (6/20 with expression; Fig. 5a, arrow), unlike
controls (15/16 expressing; Fig. 5b). Nicardipine did not affect
markers of non-neural tissue including Brachyury (7/7
expressing; Fig. 5c) and Chordin (6/6; Supplementary Fig. S3).
The abnormal development of the host could be due to non-
speciﬁc toxicity, but Sox2 induction by the node can be rescued in
nicardipine treated embryos with beads soaked in the calcium
ionophore ionomycin, which drives Ca2þ ions into the cell
independent of any channels (16/19 expressing; Fig. 5d, arrow).
Dramatically, induction can be rescued even when the host neural
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Figure 6 | Both the organizer (Hensen’s node) and Calfacilitin increase intracellular calcium. (a–e) The organizer induces an increase in intracellular
calcium in responding cells starting about 4 h after grafting. This example shows the ratio between green and red emissions of Fluo4/Fura-Red excited at
488 nm 0, 3, 4 and 6 h after grafting (a–d; pseudo-colour encoded as a heat map). Panel e shows a time-scan of the changes in the green channel (Fluo4
signal) in the region of the graft. The site of the grafted node is outlined by a thin line in a. (f–m) Embryo loaded with the calcium indicator Rhod-2 after
electroporation with GFP alone (f–h) or CalfacilitinþGFP (i–k), imaged 6 h after electroporation. Calfacilitin increases the calcium signal as compared with
GFP alone. Scans showing the relative intensity of the Rhod-2 signal in g,j at the position indicated by the line are shown in (l,m), respectively, (the scan line
was positioned parallel to the axis of the primitive streak, B150mm lateral to the midline). Scale bar (a–d,f–k), 100 mm.
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plate is severely affected (Fig. 5d). These results demonstrate that
induction of the neural plate by the organizer requires Ca2þ
inﬂux, normally through nicardipine-sensitive, L-type calcium
channels.
To test this further we used various Ca2þ indicators that
ﬂuoresce in proportion to the free intracellular Ca2þ
concentration (Rhod-2, Fura2 or Fura-Red with Fluo4). Whole
embryos present particular challenges to Ca2þ -imaging, which
are further complicated by combining in experiments using
ﬂuorescein-labelled morpholinos and GFP-labelled reporter
constructs (see below). The main problem is imaging large
areas of the embryo with enough sensitivity and discrimination of
Ca2þ levels over a long period of time (hours) without loss of dye
from the cells. We explored Fura2 (ratio-imaged with IR
excitation in a multi-photon microscope or with UV excitation
by standard ﬂuorescence microscopy), the ratio between Fura-
Redþ Fluo4 in a confocal or conventional ﬂuorescence
microscope, and Rhod-2 (conventional ﬂuorescence). The latter
was most stable and allowed combining with FITC-labelled
morpholino or GFP-labelled constructs. Although Rhod-2 tends
to accumulate in mitochondria, the emitted signal is still sensitive
to cytosolic Ca2þ levels; for example, this can be seen in
ionomycin control experiments (see below). With the microscopy
methods used, in whole embryos, we were unable to detect fast
Ca2þ transients either in the normal embryo or in
experimentally manipulated regions. However, we were able to
detect slow changes over several hours.
Organizer grafts into embryos loaded with these dyes cause an
increase in the Ca2þ signal, starting after about 3–4 h in the
adjacent host epiblast (Fig. 6a–e). Interestingly, this is also the
time required for the node to induce expression of Calfacilitin in
host epiblast. We also tested whether Calfacilitin is sufﬁcient to
cause a rise in intracellular Ca2þ in vivo by electroporating dye-
loaded embryos with an expression plasmid driving either
Calfacilitin-IRES-GFP or just GFP (Calfacilitin-IRES-RFP or
DS-Red in some experiments). Calfacilitin-transfected cells
display elevated Ca2þ as compared with neighbouring non-
transfected cells or to control GFP- or DS-Red-transfected cells
(Fig. 6f–m). Therefore, both misexpression of Calfacilitin and
neural induction by the organizer are accompanied by a rise in
intracellular Ca2þ .
Calfacilitin and Ca2þ are not sufﬁcient for neural induction.
To determine whether Calfacilitin is sufﬁcient to induce Sox2 in
competent epiblast, we electroporated Calfacilitin-IRES-GFP as a
line extending from the prospective neural plate to the lateral,
non-neural epiblast. This construct (26/32; Fig. 5e,f; arrow), but
not GFP alone (0/11; Fig. 5g,h), expands Sox2 expression into the
embryonic non-neural epiblast. When these embryos are exam-
ined by in situ hybridization for the neural plate border marker
Dlx5, this border is found shifted towards the non-neural ecto-
derm (Calfacilitin: 6/10 shifted, Fig. 5i,j, arrow; Control: 0/6
shifted, Fig. 5k,l). However, neither Calfacilitin nor ionomycin
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Figure 7 | Calfacilitin is required for neural induction. Calfacilitin MOs (a,b) but not control MOs (c,d) block induction of Sox2 by Hensen’s node, but do
not affect induction of the earlier marker Sox3 (e,f). The effect can be rescued both by Calfacilitin cDNA (g,h top, bottom shows a section revealing
Sox2 rescue in the host epiblast) and by the Calcium ionophore ionomycin (i,j). Hensen’s node grafts have reduced ability to induce Geminin in
Calfacilitin-MO-electroporated epiblast (k,l) as compared with control-MO epiblast (m,n). This induction can also be rescued either by co-electroporation
of Calfacilitin cDNA (o,p top, bottom shows a section revealing Geminin rescue in the host epiblast) or by ionomycin beads (q,r). In situ probe (purple)
indicated on the lower left of each panel. Anti-ﬂuorescein (to reveal ﬂuorescein-labelled MO; brown in b,d,f,h top, j,l,n,p,r) reveal electroporated cells.
Scale bar, 100mm (a,b,e,f,h bottom,k,l); Scale bar, 180mm (c,d,i,j,o–r); Scale bar, 400mm (g,h top, m,n); Scale bar, 50mm (p bottom).
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beads induce Sox2 in the more peripheral area opaca epiblast (not
shown). These effects resemble the activity of BMP antagonists,
which can only expand the neural plate and its border into the
adjacent non-neural ectoderm when misexpressed along a con-
tinuous line of cells extending from the neural plate40,42,56. These
observations suggest that neither Calfacilitin nor an increase in
intracellular Ca2þ is sufﬁcient for neural induction, which
involves additional signals.
Calfacilitin is required for neural induction. To establish
whether Calfacilitin is required for neural plate development, we
electroporated morpholino oligonucleotides (MO) targeting
internal splice sites of Calfacilitin into the prospective neural
plate of early primitive streak stage embryos. When electro-
porated into the embryo, this causes exon skipping, generating
a truncated Calfacilitin protein (Supplementary Fig. S4). First,
we measured the effect of the knockdown on intracellular
Ca2þ levels in the prospective neural plate. Control-MO
electoporated cells showed no signiﬁcant difference to neigh-
bouring non-electroporated tissue (ratio: 1.02; two-tailed
t-test P¼ 0.25; n¼ 12), whereas Calfacilitin-MO signiﬁcantly
lowers Ca2þ with respect to neighbouring cells (1.6-fold reduc-
tion; two-tailed t-test P¼ 2.32 10 5, n¼ 12; in these experi-
ments, rectangles of 224 170 pixels in the electroporated
area were measured). Next, we determined whether this treatment
affects expression of the neural plate marker Sox2. Indeed it
does (17/22 affected; Fig. 5m,n), unlike control-MO (0/9;
Fig. 5o,p). To test the fate of the cells that had lost Sox2
expression we examined the border marker Dlx5: this was found
to shift into the neural plate, expanding the non-neural ectoderm
territory (Calfacilitin-MO: 5/6 shifted, Fig. 5q,r ; Control-MO: 0/
6, Fig. 5s,t). We also tested whether neural induction by a grafted
organizer requires Calfacilitin: we electroporated MOs into
competent epiblast and then grafted a node onto the electro-
porated site. Calfacilitin-MO completely blocked Sox2 induction
in 21/31 embryos and substantially reduced it in a further
6/31 (Fig. 7a,b), as compared with control-MO (22/26 with
normal expression; Fig. 7c,d). Calfacilitin-MO did not affect the
expression of earlier pre-neural markers (Sox3 and ERNI; 19/22;
Fig. 7e,f). These results show that Calfacilitin is required for
neural induction, acting downstream of Sox3 and ERNI but
upstream of Sox2.
As a further test of the speciﬁcity of the Calfacilitin-MO we
tested whether the phenotype can be rescued with Calfacilitin
cDNA (lacking the targeted splice site). This is the case (36/42
embryos with rescued Sox2 expression; Fig. 7g,h). As a more
dramatic test of the importance of Calfacilitin in relation to its
calcium-regulating functions, we explored whether the effect
of the MO can be rescued by ionomycin. When a node is
grafted onto Calfacilitin-MO-transfected epiblast along with
ionomycin-soaked beads, Sox2 expression is restored (14/21;
Fig. 7i,j). This is not due to induction of Sox2 by ionomycin, as no
ectopic expression is seen when ionomycin beads are grafted
alone (see above). This predicts that the MO lowers Ca2þ in cells
adjacent to the grafted node; to test this, we imaged Ca2þ using
Rhod-2. The MO prevented the increase in Ca2þ caused by node
grafts (see above and Fig. 6) and also reduced the Ca2þ signal
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Figure 8 | Calfacilitin-MO lowers intracellular calcium in epiblast
adjacent to a grafted Hensen’s node. Embryos were loaded with the
Ca2þ indicator Rhod-2 and electroporated with Calfacilitin MOs before
grafting an organizer (Hensen’s node) onto the electroporated region
(stippled circle at 0 h). An embryo is shown 0 (a,f), 2 (b,g), 3 (c,h), 4 (d,i)
and 6.5 (e,j) hours after the graft, revealing progressive loss of calcium
signal under the graft. The left panels show the Ca2þ signal (red)
overlapped with the ﬂuorescein (green) revealing the MO; the right panels
reveal only the Ca2þ signal. (k) Quantiﬁcation of the Ca2þ signal in the
MO-electroporated epiblast adjacent to the node graft of the same embryo
(measured in the area outlined by a circle in a, comprising 13,996 pixels)
over time. Compare with Fig. 6e for node graft without MO-
electroporation). Scale bar (a–j), 100 mm.
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with respect to neighbouring regions of the host within 3–4 h,
with continued decline over at least 6 h (Fig. 8). Together, these
results strongly suggest that Calfacilitin is necessary for neural
induction, through its role in Ca2þ signalling.
Calfacilitin regulates Geminin expression. Calcium channels
have been proposed to be required for the expression of Geminin
in Xenopus54. As Geminin was recently implicated in the
acquisition of neural fate and initiation of Sox2 expression in
chick and mouse17, we tested whether Calfacilitin can induce
Geminin. Although Calfacilitin alone is not sufﬁcient to induce
Geminin in competent area opaca epiblast (not shown),
Calfacilitin-MO (3/20 with expression; Fig. 7k,l), but not
control-MO (8/8; Fig. 7m,n), inhibits upregulation of Geminin
by a node graft. This effect can be rescued by Calfacilitin cDNA
lacking splice sites (39/43; Fig. 7o,p) as well as by ionomycin
beads (7/10; Fig. 7q,r). Together, these results suggest that
induction of Geminin is downstream of Calfacilitin.
Discussion
Our results uncover Calfacilitin as a previously undiscovered
regulator of Ca2þ signalling and as a new factor in neural
induction. It is required early, downstream of initial FGF signals
and deﬁnes an essential step for the later acquisition of Sox2
expression and neural plate formation. We demonstrate that its
action in these processes is through modulation of intracellular
Ca2þ levels. As FGF induces expression of both Geminin17 and
Calfacilitin, this could explain the ﬁnding that FGF can activate
calcium channels in Xenopus ectoderm. A possible mechanism
might involve arachidonic acid and TRPC channels37, similar to
the lipid-regulating properties displayed by other members of the
TLC family49–51. This could represent the long-sought
mechanism for how L-type calcium channels are involved in
neural induction.
Methods
Embryo manipulations and in situ hybridization. Brown Bovan Gold strain chick
eggs (obtained from Henry Stewart & Co., UK) were used for most experiments.
Quail eggs were obtained from Potter Poultry Farm, UK. All animal experiments
conform to UK Home ofﬁce regulations and were restricted to embryos during the
ﬁrst 2 days of incubation. Embryos were staged according to Hamburger and
Hamilton57 for primitive streak and later stages and following Eyal-Giladi and
Kochav58 for earlier stages. They were explanted and cultured by the method of
New59 but using a ring of square cross-section and the embryo grown in a Petri
dish60. Node grafts4 were performed using chick or quail donor nodes and chick
host embryos. FGF8 was administered by soaking heparin-acrylic beads (Sigma) in
FGF8 (R&D) diluted in Pannett–Compton saline, brieﬂy washed in the same saline
and implanted into the desired region of the host17,21,43. In situ hybridization was
performed using DIG-labelled cRNA probes and detected using NBT-BCIP61.
Calcium imaging. To visualize Ca2þ levels, embryos were incubated in Rhod-2
(Invitrogen R-1245MP, 0.5 mgml 1 in 0.1% DMSO in Pannett–Compton saline),
or a mixture of Fura-Red and Fluo4 (Invitrogen; each at 2 mgml 1 in 0.4% DMSO
and 0.08% pluronic in Pannett–Compton saline) or Fura2 (Invitrogen; 2 mgml 1
in DMSO/Pluronic as above) at 37 C for 30min, rinsed in saline and left to recover
for 30min–1 h in new culture before grafting a node and/or electroporation of
either Control-MO or Calfacilitin-MO. Time-lapse imaging was performed (image
frame size¼ 1,344 pixels 1,024 pixels). Fura2 was imaged in a conventional
ﬂuorescence microscope as the ratio between emission at 510 nm generated by
excitations at 340 and 380 nm or in a confocal microscope by excitation at 351 and
364 nm. Fluo4 and Fura-Red were excited at 488 nm and the ratio between green
and red ﬂuorescence generated was imaged by conventional microscopy. Rhod-2
was imaged by conventional ﬂuorescence, using TRITC ﬁlters.
For quantiﬁcation in Rhod-2 experiments with electroporation of a morpholino
or GFP construct, Ca2þ levels (red signal) were measured in ﬁxed areas (a rec-
tangle or circle) of electroporated and contralateral control tissue, measuring the
total intensity of red pixels; Student’s t-tests were used for analysis. In Ca2þ -
imaging experiments, implantation of a AG1X2 bead soaked in 2 mM ionomycin
(Sigma I9657) in DMSO caused an explosive increase in the calcium signal with all
dyes—this was performed as a control in time-lapse calcium imaging experiments.
For inhibition of calcium channels, embryos were incubated in nicardipine (Sigma
N7510, 100mgml 1 in 0.1% DMSO in Pannett–Compton saline) at 37 C for
30min and rinsed in saline before incubation of the embryo. To drive Ca2þ into
cells, AG1X2 beads were incubated in 2 mM ionomycin in DMSO, rinsed in
Pannett–Compton and implanted into embryos.
Misexpression of Calfacilitin. A fragment of Calfacilitin was identiﬁed from a
previously described screen21 and the full-length cDNA isolated as described43. For
gain-of-function experiments, the Calfacilitin ORF was cloned into pCAb-IRES-
GFP and electroporated from a stock at 0.5mgml 1. To facilitate visualization,
GFP cloned in the same vector was co-electroporated. For loss-of-function,
ﬂuorescein-labelled morpholinos (Gene Tools) (GTAGCCTGCAATGTAAGA
GAAGAGC, CTCCCCTACAGCCGCACTCACCATG) targeting intron–exon
splice sites of Calfacilitin were electroporated either singly or together, from a
stock containing 0.5mM of each. The efﬁciency of the MO was tested by RT–PCR
using primers: CalFac-F 50-GAACCTCCTCGTTTCCTTCG-30 and CalFac-R
50-ACGAGGCCAACAAGTACGTC-30 . Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a loading control, with primers: GAPDH-F
50-GTGGGGGAGACAGAAGGGAAC-30 and GAPDH-R (50-AGAGGTGCT
GCCCAGAACATC-30 (Supplementary Fig. S3).
Molecular characterization of Calfacilitin. To study the topology of the trans-
membrane domains of Calfacilitin, a myc-tag was introduced after aminoacids
3, 42, 74, 107, 163, 201 and 252 of Calfacilitin to produce seven different tagged
versions (with a myc epitope in the N-terminus, in one of the ﬁve loops between
the predicted transmembrane domains or in the C-terminus of the protein) and
cloned into pcDNA3.1. The constructs were transfected into COS cells using
Lipofectamine-200040 or into HEK293T cells using PEI62 and the cells obsserved
by ﬂuorescence microscopy.
Haemagglutinin (HA) tagged CaV1.2 was a gift from Dr Emmanuel Bourinet to
TWS and contains the HA epitope in the extracellular S5-H5 loop of domain II63.
HA-Cav1.2 (2.6 mg), b2a (2mg), Myc-Calfacilitin (2.3 mg) and TAG (0.6 mg) were
transfected into HEK cells with lipofectamine. After 48 h, the cells were ﬁxed with
4% paraformaldehyde and stained using mouse-Anti-HA (Cat. No. 11 666 606 001,
Roche) and rabbit-Anti-c-MYC (C3956, Sigma), both at 1:100. The secondary
antibodies (1:400 dilution) were Alexa Fluor 594 chicken anti-mouse IgG (Hþ L)
(A21201, Invitrogen) and Alexa Fluor 488 donkey anti-rabbit IgG (Hþ L)
(A21206, Invitrogen). No detergent was used in this procedure. The images were
visualized using a confocal microscope (Fluoview BX61; Olympus).
Electrophysiology. The electrophysiological properties of Calfacilitin were studied
by patch clamp techniques after transfection into HEK293 using calcium phos-
phate64. For IP experiments, HEK293 cells were transfected with CaV1.2 a1, b2a-
GFP, a2d-subunits, TAG and C3-myc using lipofectamine 2000 (Invitrogen).
Control cells were transfected with an equal amount of pcDNA3 vector. 24 h later,
the cells were harvested and lysed in 100 ml Hepes lysis buffer containing: 20mM
Hepes, 137mM NaCl, 1% Triton X-100, 10% glycerol, 1.5mM MgCl2 and 1mM
EGTA. After incubation for 1 h at 4 C, 50 ml of protein lysate were taken as input
and the remaining for IP. Eight microgram anti-CaV1.2 antibody (Alomone ACC-
003) were incubated with the protein lysate and protein A beads (Roche) for 3 h.
After washing three times with lysis buffer containing 0.1% Triton X-100, the
protein was separated by SDS–PAGE. Calfacilitin-myc was detected with anti-myc
antibody (Sigma C3956) and CaV1.2 protein by anti-CaV1.2 antibody.
References
1. Harland, R. & Gerhart, J. Formation and function of Spemann’s organizer.
Annu. Rev. Cell Dev. Biol. 13, 611–667 (1997).
2. Nakamura, O. & Toivonen, S. (eds). in Organizer: a Milestone of a Half-century
from Spemann (Elsevier/North Holland, Amsterdam, 1978).
3. Spemann, H. & Mangold, H. U¨ber Induktion von Embryonalanlagen durch
Implantation artfremder Organisatoren. Roux’ Arch. EntwMech. Org. 100,
599–638 (1924).
4. Storey, K. G., Crossley, J. M., De Robertis, E. M., Norris, W. E. & Stern, C. D.
Neural induction and regionalisation in the chick embryo. Development 114,
729–741 (1992).
5. Gallera, J. Primary induction in birds. Adv. Morph. 9, 149–180 (1971).
6. Waddington, C. H. Experiments on the development of chick and duck
embryos cultivated in vitro. Philos. Trans. R Soc. Lond. B Biol. Sci. 221, 179–230
(1932).
7. Waddington, C. H. Induction by the primitive streak and its derivatives in the
chick. J. Exp. Biol. 10, 38–48 (1933).
8. Waddington, C. H. Organizers in mammalian development. Nature 138, 125
(1936).
9. Hensen, V. Beobachtungen u¨ber die Befruchtung und Entwicklung des
Kaninchens und Meerschweinchens. Z. Anat. EntwGesch 1, 353–423 (1876).
10. Hemmati-Brivanlou, A. & Melton, D. Vertebrate embryonic cells will become
nerve cells unless told otherwise. Cell 88, 13–17 (1997).
11. Hemmati-Brivanlou, A. & Melton, D. Vertebrate neural induction. Annu. Rev.
Neurosci. 20, 43–60 (1997).
NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2864 ARTICLE
NATURE COMMUNICATIONS | 4:1837 | DOI: 10.1038/ncomms2864 |www.nature.com/naturecommunications 9
& 2013 Macmillan Publishers Limited. All rights reserved.
12. Mun˜oz-Sanjua´n, I. & Brivanlou, A. H. Neural induction, the default model and
embryonic stem cells. Nat. Rev. Neurosci. 3, 271–280 (2002).
13. De Robertis, E. M. & Kuroda, H. Dorsal-ventral patterning and neural
induction in Xenopus embryos. Annu. Rev. Cell Dev. Biol. 20, 285–308 (2004).
14. Harland, R. Neural induction. Curr. Opin. Genet. Dev. 10, 357–362 (2000).
15. Gallera, J. & Ivanov, I. La compe´tence neuroge`ne du feuillet externe du
blastoderme de poulet en fonction du facteur ‘temps’. J. Embryol. Exp. Morphol.
12, 693 (1964).
16. Gallera, J. Diffe´rence de la reactivite´ a` l’inducteur neuroge`ne entre l’ectoblaste
de l’aire opaque et celui de l’aire pellucide chez le poulet. Experientia 26,
1953–1954 (1971).
17. Papanayotou, C. et al. A mechanism regulating the onset of Sox2 expression in
the embryonic neural plate. PLoS Biol. 6, e2 (2008).
18. Stern, C. D. Neural induction: old problem, new ﬁndings, yet more questions.
Development 132, 2007–2021 (2005).
19. Launay, C., Fromentoux, V., Shi, D. L. & Boucaut, J. C. A truncated FGF
receptor blocks neural induction by endogenous Xenopus inducers.
Development 122, 869–880 (1996).
20. Sasai, Y., Lu, B., Piccolo, S. & De Robertis, E. M. Endoderm induction by the
organizer-secreted factors chordin and noggin in Xenopus animal caps. Embo J.
15, 4547–4555 (1996).
21. Streit, A., Berliner, A. J., Papanayotou, C., Sirulnik, A. & Stern, C. D. Initiation
of neural induction by FGF signalling before gastrulation. Nature 406, 74–78
(2000).
22. Kuroda, H., Fuentealba, L., Ikeda, A., Reversade, B. & De Robertis, E. M.
Default neural induction: neuralization of dissociated xenopus cells is mediated
by Ras/MAPK activation. Genes Dev. 19, 1022–1027 (2005).
23. Storey, K. G. et al. Early posterior neural tissue is induced by FGF in the chick
embryo. Development 125, 473–484 (1998).
24. Delaune, E., Lemaire, P. & Kodjabachian, L. Neural induction in xenopus
requires early FGF signalling in addition to BMP inhibition. Development 132,
299–310 (2005).
25. Baker, J. C., Beddington, R. S. & Harland, R. M. Wnt signaling in Xenopus
embryos inhibits bmp4 expression and activates neural development. Genes
Dev. 13, 3149–3159 (1999).
26. Wilson, S. I. et al. The status of Wnt signalling regulates neural and epidermal
fates in the chick embryo. Nature 411, 325–330 (2001).
27. Otte, A. P., Koster, C. H., Snoek, G. T. & Durston, A. J. Protein kinase C
mediates neural induction in Xenopus laevis. Nature 334, 618–620 (1988).
28. Otte, A. P., Kramer, I. M. & Durston, A. J. Protein kinase C and regulation of
the local competence of Xenopus ectoderm. Science 251, 570–573 (1991).
29. Otte, A. P. & Moon, R. T. Protein kinase C isozymes have distinct roles in
neural induction and competence in Xenopus. Cell 68, 1021–1029 (1992).
30. Otte, A. P., van Run, P., Heideveld, M., van Driel, R. & Durston, A. J. Neural
induction is mediated by cross-talk between the protein kinase C and cyclic
AMP pathways. Cell 58, 641–648 (1989).
31. Moreau, M., Leclerc, C., Gualandris-Parisot, L. & Duprat, A. M. Increased
internal Ca2þ mediates neural induction in the amphibian embryo. Proc. Natl
Acad. Sci. USA 91, 12639–12643 (1994).
32. Drean, G., Leclerc, C., Duprat, A. M. & Moreau, M. Expression of L-type Ca2þ
channel during early embryogenesis in Xenopus laevis. Int. J. Dev. Biol. 39,
1027–1032 (1995).
33. Leclerc, C. et al. L-type calcium channel activation controls the in vivo
transduction of the neuralizing signal in the amphibian embryos.Mech Dev. 64,
105–110 (1997).
34. Leclerc, C., Lee, M., Webb, S. E., Moreau, M. & Miller, A. L. Calcium transients
triggered by planar signals induce the expression of ZIC3 gene during neural
induction in Xenopus. Dev. Biol. 261, 381–390 (2003).
35. Moreau, M. & Leclerc, C. The choice between epidermal and neural fate: a
matter of calcium. Int. J. Dev. Biol. 48, 75–84 (2004).
36. Moreau, M., Ne´ant, I., Webb, S. E., Miller, A. L. & Leclerc, C. Calcium
signalling during neural induction in Xenopus laevis embryos. Philos. Trans. R
Soc. Lond. B Biol. Sci. 363, 1371 (2008).
37. Lee, K. W., Moreau, M., Ne´ant, I., Bibonne, A. & Leclerc, C. FGF-activated
calcium channels control neural gene expression in Xenopus. Biochimica et
Biophysica Acta Mol. Cell Res. 1793, 1033 (2009).
38. Pera, E., Ikeda, A., Eivers, E. & De Robertis, E. M. Integration of IGF, FGF and
anti-BMP signals via Smad1 phosphorylation in neural induction. Genes Dev.
17, 3023–3028 (2003).
39. Linker, C. & Stern, C. D. Neural induction requires BMP inhibition only as a
late step, and involves signals other than FGF and Wnt antagonists.
Development 131, 5671–5681 (2004).
40. Streit, A. et al. Chordin regulates primitive streak development and the stability
of induced neural cells, but is not sufﬁcient for neural induction in the chick
embryo. Development 125, 507–519 (1998).
41. Streit, A. & Stern, C. D. Mesoderm patterning and somite formation during
node regression: differential effects of chordin and noggin.Mech Dev. 85, 85–96
(1999).
42. Streit, A. & Stern, C. D. Establishment and maintenance of the border of the
neural plate in the chick: involvement of FGF and BMP activity. Mech Dev. 82,
51–66 (1999).
43. Sheng, G., dos Reis, M. & Stern, C. D. Churchill, a zinc ﬁnger transcriptional
activator, regulates the transition between gastrulation and neurulation. Cell
115, 603–613, (2003).
44. Gibson, A., Robinson, N., Streit, A., Sheng, G. & Stern, C. D. Regulation of
programmed cell death during neural induction in the chick embryo. Int. J.
Dev. Biol. 55, 33–43 (2011).
45. Pinho, S. et al. Distinct steps of neural induction revealed by Asterix, Obelix
and TrkC, genes induced by different signals from the organizer. PLoS ONE 6,
e19157 (2011).
46. Albazerchi, A. & Stern, C. D. A role for the hypoblast (AVE) in the initiation of
neural induction, independent of its ability to position the primitive streak. Dev.
Biol. 301, 489–503 (2007).
47. Rex, M. et al. Dynamic expression of chicken Sox2 and Sox3 genes in ectoderm
induced to form neural tissue. Dev. Dyn. 209, 323–332 (1997).
48. Uwanogho, D. et al. Embryonic expression of the chicken Sox2, Sox3 and
Sox11 genes suggests an interactive role in neuronal development. Mech. Dev.
49, 23–36 (1995).
49. Winter, E. & Ponting, C. P. TRAM, LAG1 and CLN8: members of a novel
family of lipid-sensing domains? Trends Biochem. Sci. 27, 381–383 (2002).
50. Hermansson, M. et al. Mass spectrometric analysis reveals changes in
phospholipid, neutral sphingolipid and sulfatide molecular species in
progressive epilepsy with mental retardation, EPMR, brain: a case study.
J. Neurochem. 95, 609–617 (2005).
51. Mesika, A., Ben-Dor, S., Laviad, E. L. & Futerman, A. H. A new functional
motif in Hox domain-containing ceramide synthases: identiﬁcation of a novel
region ﬂanking the Hox and TLC domains essential for activity. J. Biol. Chem.
282, 27366–27373 (2007).
52. Teufel, A., Maass, T., Galle, P. R. & Malik, N. The longevity assurance
homologue of yeast lag1 (Lass) gene family. Int. J. Mol. Med. 23, 135–140
(2009).
53. Catterall, W. A. Structure and regulation of voltage-gated Ca2þ channels.
Annu. Rev. Cell. Dev. Biol. 16, 521–555 (2000).
54. Leclerc, C., Webb, S. E., Daguzan, C., Moreau, M. & Miller, A. L. Imaging
patterns of calcium transients during neural induction in Xenopus laevis
embryos. J. Cell Sci. 113(Pt 19): 3519–3529 (2000).
55. Batut, J. et al. The Ca2þ -induced methyltransferase xPRMT1b controls neural
fate in amphibian embryo. Proc. Natl Acad. Sci. USA 102, 15128 (2005).
56. Linker, C. et al. Cell communication with the neural plate is required for
induction of neural markers by BMP inhibition: evidence for homeogenetic
induction and implications for Xenopus animal cap and chick explant assays.
Dev. Biol. 327, 478–486 (2009).
57. Hamburger, V. & Hamilton, H. L. A series of normal stages in the development
of the chick embryo. J. Morphol. 88, 49–92 (1951).
58. Eyal-Giladi, H. & Kochav, S. From cleavage to primitive streak formation: a
complementary normal table and a new look at the ﬁrst stages of the
development of the chick. I. General morphology. Dev. Biol. 49, 321–337
(1976).
59. New, D. A. T. A new technique for the cultivation of the chick embryo in vitro.
J. Embryol. Exp. Morph 3, 326–331 (1955).
60. Stern, C. D. & Ireland, G. W. An integrated experimental study of endoderm
formation in avian embryos. Anat. Embryol. 163, 245–263 (1981).
61. Stern, C. D. Detection of multiple gene products simultaneously by in situ
hybridization and immunohistochemistry in whole mounts of avian embryos.
Curr. Top. Dev. Biol. 36, 223–243 (1998).
62. Boussif, O. et al. A versatile vector for gene and oligonucleotide transfer into
cells in culture and in vivo: polyethylenimine. Proc. Natl Acad. Sci. USA 92,
7297–7301 (1995).
63. Altier, C. et al. Trafﬁcking of L-type calcium channels mediated by the
postsynaptic scaffolding protein AKAP79. J. Biol. Chem. 277, 33598–33603
(2002).
64. Liao, P. et al. A smooth muscle CaV1.2 calcium channel splice variant underlies
hyperpolarized window current and enhanced state-dependent inhibition by
nifedipine. J. Biol. Chem. 282, 35133–35142 (2007).
Acknowledgements
This study was funded by grants from the Medical Research Council (G0400559) and
NIH (R01 MH60156) to C.D.S. and from the Biomedical Research Council to T.W.S. We
are grateful to Scott Fraser and John Carroll for helpful comments on the manuscript, to
David Becker, Stephen Bolsover, Michael Duchen and Chris Thrasivoulou for help with
calcium imaging and to Sharon Boast and Yu Chye Yun for technical assistance.
Author contributions
C.P. and I.D.A. performed all the embryo experiments, some of them with participation
of E.K., L.Z. and A.Sh. P.L. performed the electrophysiological experiments in T.W.S.’s
ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2864
10 NATURE COMMUNICATIONS | 4:1837 | DOI: 10.1038/ncomms2864 |www.nature.com/naturecommunications
& 2013 Macmillan Publishers Limited. All rights reserved.
laboratory with the assistance of S.-Q.L. and D.Y. G.S. and A.S. performed the initial
screen that led to isolation of Calfacilitin. N.M.M.O. performed transfection experiments
in COS cells. The project was conceived and directed by C.D.S. and largely performed in
his laboratory. The paper was written by C.D.S. with contributions from C.P., I.D.A., P.L.
and T.W.S.
Additional information
Accession codes: Sequence data have been deposited in Genbank/EMBL/DDBJ under
accession number GQ504719.
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications
Competing ﬁnancial interests: The authors declare no competing ﬁnancial interests
associated with this paper.
Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/
How to cite this article: Papanayotou, C. et al. Calfacilitin is a calcium channel mod-
ulator essential for initiation of neural plate development. Nat. Commun. 4:1837 doi:
10.1038/ncomms2864 (2013).
This work is licensed under a Creative Commons Attribution 3.0
Unported License. To view a copy of this license, visit http://
creativecommons.org/licenses/by/3.0/
NATURE COMMUNICATIONS | DOI: 10.1038/ncomms2864 ARTICLE
NATURE COMMUNICATIONS | 4:1837 | DOI: 10.1038/ncomms2864 |www.nature.com/naturecommunications 11
& 2013 Macmillan Publishers Limited. All rights reserved.
